We present a comprehensive structural characterization of two different highly pure nuclear graphites that compasses all relevant length scales from nanometers to sub-mm. This has been achieved by combining several experiments and neutron techniques: Small Angle Neutron Scattering (SANS), highresolution Spin Echo SANS (SESANS) and neutron imaging. In this way it is possible to probe an extraordinary broad range of 6 orders of magnitude in length from microscopic to macroscopic length scales. The results reveal a fractal structure that extends from ∼ 0.6 nm to 0.6 mm and has surface and mass fractal dimensions both very close to 2.5, a value found for percolating clusters and fractured ranked surfaces in 3D.
Introduction
Graphite has been used as a neutron moderator in several types of nuclear reactors from the Chicago Pile 1 in 1942 to the more recent Very High Temperature Reactor (VHTR) and High Temperature Gas-cooled Reactors (HTGR). This synthetic polygranular material has a very high chemical purity and a complex microstructure, which affects the mechanical properties under extreme conditions and irradiation damage [1] .
The crystallite structure and disorder of graphite at the atomic level can be 5 investigated by neutron or X-ray diffraction [2] , and the microstructure by TEM, SEM or optical microscopy [3] [4] [5] [6] [7] . On the other hand, the bulk mesoscopic structure of the pores can be explored by small angle scattering of X-rays (SAXS) or neutrons (SANS) [8] . Very first SANS measurements on non-irradiated and irradiated nuclear graphites were performed in the 1960s 10 [9] and 1970s [10] [11] [12] . These results have been reinterpreted recently [13] to disclose a surface fractal structure from ∼ 0.2 to 300 nm, i.e. over three orders of magnitude in length. However, the graphite inhomogeneities can be seen with an optical microscope or even with naked eye. Therefore an exploration over a larger range of length scales is necessary and for this purpose 15 we have combined three neutron-based techniques: SANS, Spin Echo SANS (SESANS) and imaging to cover lengths from nm to mm. We investigated two different highly pure nuclear graphites, and the results show a fractal structure over an extraordinary large scale of lengths that spans 6 orders of magnitude and has fractal dimensions close to 2.5. This value is expected 20 for several cases of percolating clusters [14, 15] and in the most general case of fractured ranked surfaces [16] in three dimensions.
Methods

Sample
The samples were disk-shape specimens with a thickness of 0.5 mm and a diameter of 16 mm cut from two types of nuclear graphite, designated as RID and PGA. The RID graphite was manufactured by Pechiney SA 5 in the 1960's by baking a paste made of oil coke and pitch, graphitized by electrical heating, and was used at the research reactor of the Reactor Institute Delft. The PGA (Pile Grade A) graphite was manufactured by British Acheson Electrodes, Ltd. and Anglo Great Lakes, from needle shaped coke particles derived from the petroleum industry. It was used in the early 10 gas-cooled reactors in UK and has been object of several investigations [4, 7, 17] . PGA was manufactured by extrusion, which leads to aligned coke particles along a directionê and thus to the anisotropic properties. For this reason we produced two series of samples: PGA1 cut perpendicular toê, and thus isotropic; and PGA2 cut alongê and thus anisotropic. For the 15 sake of simplicity in the following we will focus on PGA1 and the results from PGA2 are averaged over the whole sample as for the other two samples.
In this work, the supplement gives a detailed analysis of the results from the PGA2 sample and the anisotropy effect, which is weak but nevertheless visible. 20 
Neutron-matter interaction
Since neutrons are electrically neutral, they can penetrate into matter deeply, only interacting with the nucleii, and are valuable probes of the structure in the bulk. When a beam of thermal neutrons interacts with a sample it may be scattered or absorbed with a respective probability that is given by the scattering lengths and the absorption cross sections of the specific elements and isotopes in the sample (for a comprehensive introduction to neutron scattering see [20] ). These transmitted and scattered neutrons deliver structural information from the sample. In the following we will introduce 5 the techniques used in our work. as [20] :
Small Angle Neutron Scattering (SANS)
Here B is a pre-factor given by the neutron scattering length density contrast, in our case between the carbon matrix and the pores. P (Q) is the form factor characterizing the morphology/shape of the pores, and S(Q) is the structure 10 factor corresponding to the correlations between pores.
In this work SANS measurements were performed at two instruments, the medium resolution PAXE and the high resolution TPA [21] of the Laboratoire Léon Brillouin (LLB), CEA Saclay, France. On both instruments the neutron beam had a monochromatization of ∆λ/λ = 10%. The experiments on TPA were done at λ=0.6 nm, covering the Q range 6 × 10
and on PAXE at λ=0.37, 0.6, and 1.7 nm, respectively, covering the Q range
The PAXE data for λ=0.6 nm were brought to 
Spin Echo Small Angle Neutron Scattering (SESANS)
The basic principles of SESANS can be found in [22] , and and G (z) is the Hankel transformation of the SANS cross section:
where λ is the wavelength of the neutron beam, t is the sample thickness, and J 0 is a zeroth-order Bessel function of the first kind.
The high-resolution neutron Spin Echo SANS experiments were performed on the dedicated instrument of the Reactor Institute Delft [22] at λ=0.205 nm, with ∆λ/λ = 5% and covered length scales from 30 nm to 20 µm. Table   5 1. Deviations at high-Q's are mainly due to (spin-incoherent) background, whereas at low Q's to multiple scattering. Graphite is a strong neutron scatterer, a property used for nuclear applications, and multiple scattering is not negligible even for the thin samples used in this study, as illustrated by the transmission values given in the supplement. For this reason SANS µm, and thus "sees" very large objects, which scatter a large fraction of the incoming beam. This is also the case in Fig. 3a , where even for the 0.5 mm PGA1 sample at large spin echo lengths z, the entire beam is scattered and P S (z > 10 µm) → 0. However, even in this extreme case multiple scattering does not alter the results. This effect can indeed be accounted in a way simi-10 lar to the Beer-Lambert's law in optics and if P S (t 0 ) is the SESANS signal for a reference sample thickness t 0 , the SESANS signal for any other thickness t is given by: P S (t) t 0 /t = P S (t 0 ) [27] . This property was tested on three RID samples with thicknesses of 0.5, 1 and 2.4 mm respectively. As shown in Fig. 3b , P S (z) decreases much faster for the thicker samples. However, when plotting P S (t) t 0 /t , with t 0 =1 mm, all data follow on the same generic curve shown in Fig. 3c , with deviations when P S is smaller than the experimental error of 10 −2 . More importantly, these results show that the porous structure extends up to macroscopic length scales, which can be investigated by direct imaging. This structure may be brought in relation with the reported micropores [3] [4] [5] 7] , that result from calcination and gas evolution during the manufacturing Table 1 .
Thus the total volume of pores V (A) with specific area size A is given by: to Eq. 1 and 6 with parameters of Table 2 .
the 2D scattering pattern of Fig. 5a . By radially averaging this intensity, following the same procedure as for the SANS data, the scattering curve of 
Discussion
These results disclose power laws, which are characteristics of fractal topology: fractal surfaces (of pores or particles) with a surface fractal dimension D s or mass fractals with a mass fractal dimension D m [28, 29] . The most direct signature of fractality is the power law of the SANS intensity shown in Fig. 2 . It is indeed expected that [30, 31] :
for a surface fractal:
for a mass fractal:
where the values of both D m and D s are smaller than 3, the dimensionality of the Euclidian space. Expressing the power laws as I(Q) ∝ Q −β , β > 3 corresponds to a surface fractal and β < 3 to a mass fractal. All graphites showed β > 3 leading to the surface fractal dimensions listed in Table 1 .
Additional confirmation of these results comes from the Perimeter-Area Table 1 and are consistent with those obtained from SANS. Therefore imaging and SANS "see" the same surface self-similar fractal structure although they probe length scales more than 3 orders of magnitude apart.
On the other hand, the power law of I(Q) derived from the Fourier trans-formed images leads to an exponent significantly smaller than 3 (Fig. 5b) , which is in line with a mass fractal and not surprising at this very low Qlimit. The deduced values of D m are given in Table 1 , and for all samples
The experimental results indicate that the pores of the graphite samples have a fractal (i.e. rough) surface while their assembly forms a mass fractal. To be specific, one can consider that the pore structure consists of many porebuilding blocks, which characterize the network of the pore clusters with a mass fractal property at the length scale above the size of the primary block.
Moreover, the pore building block itself is bounded by a rough surface with fractal morphology. In this case the scattering function reflects both mass and surface fractal properties and Eq. 1 can be factorized as [31, 35] :
where ∆ρ (=7.5 · 10 10 cm −2 for carbon-air) is the scattering length density contrast, V p the volume of a primary pore building block, the associated length, P (Q) the form factor, characteristic of the surface fractal morphology of the pores, S(Q) the structure factor corresponding to the mass fractal Eq. 1 (combined with Eq. 6) through Eq. 3; then the data were fitted using 10 Eq. 2 with only two floating parameters: length and the prefactor B, and the resulting values are given in Table 2 . The fits are illustrated by the solid lines in Fig. 3 and describe excellently the experimental findings.
The final step is to combine SANS, SESANS and imaging, which is done in Fig. 6 . In this figure the lines correspond to the best fit of Eq. 6 with 15 the parameters of Table 2 . The Q values for which Qξ = 1 and Q = 1 are also indicated. We stress that the model provides excellent quantitative description of the experimental findings. Indeed the prefactors B given in Table 2 , which are deduced from fitting all data (global) are in excellent 6a. Therefore, a consistent picture of the fractal microstructure of graphite is obtained over an extraordinary large range of length scales of 6 orders of magnitude (∼0.6 nm ≤ 2π/Q ≤ 0.6 mm). Table 2 shows that the fractal dimensions and cut-off lengths ξ are almost the same for all samples, which fication such anisotropy is lost [18, 19] .
In the literature besides the micropores mentioned above, so-called Mrozowski cracks have been reported [3, 4, 6] , that result from the anisotropic thermal shrinkage of the layered graphite structure during cooling from graphitization temperatures. These have lengths from nm to µm that are in the 5 range probed by SESANS and SANS. It is therefore tempting to attribute the surface fractal scattering to these cracks, as suggested recently [13] , and to the cross-over between cracks and micropores.
In contrast to optical or electron microscopy, the scattering techniques used in this work cannot distinguish between cracks and pores. However, they 10 provide a statistical average of the correlations over the (macroscopic) samples and reveal the most generic features of the structure. In this way it is possible to describe the complex and poly-disperse patterns of Fig. 4 with the scattering law of Eq. 6 involving a restricted number of parameters, which enables quantitative comparisons between different samples and systems.
15
Besides the extraordinary large length scales over which fractality has been observed, the fractal dimensions found in this work are comparable to those expected for percolating clusters [14, 36] close to that of a percolating cluster [36] .
Similar fractal exponents have been deduced for fracturing ranked surfaces in 3D [16] , that could serve as a model for Mrozowski cracks. Therefore the identity D m = D s ∼ 2.5 is not coincidence but the consequence of the high degree of disorder, ramification and connectivity of the pore structure. Under 25 neutron irradiation surface fractality disappears [13] , and similar behaviour may be expected for the oxidised samples. The methodology developed in this work thus can be applied to further investigate the effect of irradiation damage and/or oxidation on the structural properties of graphite.
Fractal scattering has also been reported for carbon nanopores [37, 38] , rocks
5
[26] or cement [39] . The particularity of this work is in the extraordinarily broad length scale of six orders of magnitude over which fractal scaling is quantitatively valid. The combination of several techniques, from imaging to scattering and the methods can be applied to the investigation of other complex systems with a hierarchy of length scales such as biological materials,
10
concrete and rocks, materials for CO2 sequestration, Li batteries, fuel cells or solar cells.
